Abstract. The L2 Global Harmonization Team on large molecule specific assay operation for protein bioanalysis in support of pharmacokinetics focused on the following topics: setting up a balanced validation design, specificity testing, selectivity testing, dilutional linearity, hook effect, parallelism, and testing of robustness and ruggedness. The team additionally considered the impact of lipemia, hemolysis, and the presence of endogenous analyte on selectivity assessments as well as the occurrence of hook effect in study samples when no hook effect had been observed during pre-study validation.
INTRODUCTION
The Global Bioanalysis Consortium is a worldwide organization consisting of representatives from the pharmaceutical industry, contract research organizations, and academia with the mission to come forward with scientifically driven recommendations to health authorities and regulatory bodies worldwide on globally agreed best practices for bioanalytical method validation (BMV). To this end, 20 teams, addressing different aspects of BMV have been formed, with 6 teams focusing on topics which apply to ligand binding assays for the measurement of large molecules. The L2 team was charged with addressing large molecule specific assay operation for validation of ligand binding assays in support of pharmacokinetics. Team L2 membership included representatives worldwide, with participants from North America, South America, Europe, and Asia Pacific. Over the course of discussions, the team engaged their local colleagues as well as other regional experts in order to bring a comprehensive view to each of the topics. In addition, regular engagement with the bioanalytical community and regulatory agency representatives was achieved via presentations at multiple forums including, but not limited to the following: 2nd Japan Bioanalysis Forum, Tokyo, Japan In general, the team's recommendations are well aligned with previously published white papers and regulatory guidance (1, 2) . However, some recommendations do differ in the particulars, albeit not in spirit, from recently issued guidance. Specifically, the team does not recommend routine testing of lipemic and hemolyzed samples in pre-study validation selectivity assessments, although such evaluations should be considered when the characteristics of the therapeutic molecule, its target, the disease indication, or the assay format provide a scientific rationale for doing so. Similarly, routine parallelism assessments are not recommended, but rather should be considered based upon the characteristics of the therapeutic molecule, consideration of the effects of potential binding partners in vivo as well as the characteristics of specific critical reagents employed in the assay. In order to provide additional context and clarity, these topics are addressed in greater detail.
Throughout the course of deliberations and discussion, the team was mindful to ensure that the recommendations put forth were done so with clear scientific rationale. Therefore, it is acknowledged that while many assessments should be considered, not all will be found to be necessary, nor appropriate, for every molecule. The application of rigorous scientific principles in determining the appropriate assessments to be performed should ensure the reliability of the assay and the data generated therefrom.
BALANCED VALIDATION DESIGN
A key element of balanced validation design is to ensure that the same number of observations is made in each precision and accuracy (P&A) run. Specifically, the number of sets of control samples in each run should be the same. This approach aligns with team L1's recommendation for precision and accuracy batches which states that, in each batch, three independent sets each of five QC levels (LLOQ, LQC, MQC, HQC, ULOQ) should be assessed in ≥6 P&A runs (3) .
When considering the number of analysts performing validation as a variable for balanced validation design, it is recommended that the number of analysts used reflects the subsequent sample testing practices. It is widely acknowledged that one analyst often performs the bulk of the validation experiments, with inclusion of second analyst only for a subset of P&A runs. This practice is deemed acceptable since testing laboratories later qualify new analysts on a given assay, generally by the acceptable performance of at least two consecutive P&A runs. Although the inclusion of at least two analysts during validation is widely accepted as best practice, the team recognizes that it is possible to justify using only one analyst during validation if study sample analysis will also only use one analyst, which is potentially the case when testing small studies. However, if multiple analysts will be employed to test samples, then the use of at least two analysts in validation is strongly recommended. This practice not only allows the opportunity to identify systematic analyst bias, but also contributes to the understanding of assay ruggedness.
SPECIFICITY
From a ligand binding assay point of view, specificity is defined as the ability of a binding reagent (e.g., an antibody) to bind to the analyte of interest (e.g., antigen). The team agrees with the definition for specificity as described in De Silva et al. (4) and EMA guidelines (2), which indicate that the specificity of a binding reagent (antibody) refers to its ability to bind to the analyte (antigen) of interest.
To assess assay and reagent specificity, potentially crossreacting molecules (variant forms of the analyte, physicochemically similar compounds) as well as other potential interferents, such as concomitantly administered drugs, are evaluated to determine whether they affect the performance of the ligand binding assay. Possible cross reactants are chosen based on the structure of the drug molecule. This assessment is more relevant for types of large molecule drugs other than monoclonal antibodies, since the selectivity assessment is already performed in the presence of high levels (milligrams per milliliter) of endogenous immunoglobulins. For concomitant medications, those specified in the protocol to be co-administered should be tested. There is usually no need to test for over the counter medications or co-administered small molecules with no structural similarity to the analyte of interest. In addition, since anti-drug antibodies (ADA) including pre-existing specific, auto or heterophilic antibodies and circulating soluble target may influence ligand binding kinetics and assay performance, testing the effects of the presence of these potential interferents should be considered.
The approach employed to test for specificity is to spike pooled blank matrix, LLOQ, and HQC validation samples with increasing amounts of possible interferents up to the maximum anticipated physiological concentration in a given study population.
In order to claim specificity, or lack of interference, acceptance criteria are based on recovery of drug molecule in the spiked samples. Recovery should be within 20% of nominal concentration for HQC and 25% for LLOQ. Unspiked samples (i.e., blank matrix) should measure <LLOQ. However, in cases where interference is expected to occur, for example, in the presence of ADA, this evaluation may be used to define the levels of interferent tolerated by the assay as defined by the levels at which the above acceptance criteria are met.
SELECTIVITY
Generally speaking, the team accepted the standard definition of selectivity as explained by DeSilva et al. (4), i.e., the ability of an assay to measure the analyte of interest in the presence of other constituents in the sample. Either an inhibition or enhancement of the assay signal may be observed due to factors such as heterophilic antibodies, rheumatoid factor, enzymes, or structural proteins in the matrix. These factors will vary between individuals and may depend upon diet, ethnicity, disease-state, age, gender, fasting state, and more.
Selectivity should be assessed during assay development since identification of issues at this stage offers the opportunity to reconsider assay format, antibody reagents, blocking buffers, and MRD. Formal assessment should then be included in the method validation as follows:
Ten or more individual lots should be tested unspiked and spiked at the LLOQ. Testing at a higher analyte concentration is also recommended and is typically performed at the HQC level. Samples may be tested when freshly prepared (taking care to mix thoroughly to allow for applicable molecular interactions with native matrix components) or, for flexibility, after one freeze/thaw cycle, assuming that the appropriate freeze/thaw stability has been established.
For unspiked samples, ≥80% (8/10) should measure <LLOQ. For spiked samples, ≥80% (8/10) should measure within ±20% of the nominal concentration for higher level (HQC) spike and within ±25% for LLOQ spike. Furthermore, the same 80% of samples should meet these criteria at both spike levels.
The evaluation of selectivity should be based on clinically relevant considerations, and therefore interpretation of the guidance maybe required. For example, validations to support clinical trials in patient populations should typically include the use of disease-state matrix for selectivity testing, since matrix factors that bias results could differ between these individuals and healthy volunteers. Matrix from autoimmune conditions such as rheumatoid arthritis or inflammatory conditions such as sepsis and viral infection may be more likely to affect LBA readouts (5) .
In some cases, it is not possible to source disease-state matrix, or ten individuals may not be available. Acknowledging this, the team recommends that as many individuals as feasible are included within the ten samples used for selectivity testing. If none are available at the time of validation, in-study selectivity assessments should be included once pre-dose study samples become available.
Special Cases

Endogenous Protein
When the therapeutic molecule has an endogenous counterpart, measuring only the exogenous drug can be challenging. Occasionally, it may be possible to generate critical reagents that only recognize the exogenous form of the molecule, but typically other approaches are necessary. In general, it will be important, when possible, to create standards and QCs in matrix with low endogenous levels of the analyte. This will require screening of multiple individual lots to generate a "low endogenous" pool. Several approaches for dealing with the presence of endogenous protein should then be considered. Sacrificing the level of the LLOQ such that the signal generated by the therapeutic molecule is sufficiently above the "noise" of the endogenous molecule is commonly employed. Alternatively, when the endogenous concentrations are relatively high (measuring within assay range), subtracting the endogenous concentration present in the unspiked matrix sample from the measured result in the spiked sample has, in some cases, proved useful. However, subsequently, it is imperative that a pre-dose sample is available for all subjects tested during sample analysis, and it should also be understood that pre-dose levels of endogenous analyte may not be representative of post-dose levels. Lastly, if the endogenous concentration is generally very high across individuals, consider whether the range of the assay is appropriate.
Lipemic Samples
If the medical condition being treated is associated with high lipemia, such as certain metabolic conditions like type 2 diabetes mellitus, then this should be taken into consideration in the selectivity assessment. Typically, standard selectivity testing using disease-state individuals during validation will address this concern and any additional testing in artificially created lipemic samples is not deemed necessary. However, since food intake or infusion of lipids can lead to varying triglyceride concentrations in serum or plasma, regardless of disease indication, it is prudent to perform a case by case assessment to determine whether sufficient scientific rationale exists to warrant additional selectivity assessments in lipemic samples. Only a very small number of examples within the team could be identified where lipemia caused a selectivity concern. This may be unsurprising, given that protein drugs are generally hydrophilic and therefore the binding reactions in an aqueous environment are not likely to be affected by lipids. Cases where lipemia has caused a selectivity concern, though, may be related to the type of drug being developed (6) 
Hemolyzed Samples
Hemolysis of samples is typically associated with poor collection procedures. For small molecule bioanalysis, inclusion in method validation is routine and required (7, 8) ; however, for large molecules, this requirement is less clear. Immunoassays are mostly unaffected by hemolysis unlike other analytes measured by spectral or chemical means (9) . Accordingly, the team was unable to identify multiple examples where hemolyzed samples yielded out of trend results, again suggesting that this is a rare selectivity issue for ligand binding assays.
Therefore, the team does not recommend routine selectivity testing of hemolytic samples for the majority of method validations. However, when the drug, target, disease indication, or assay format suggest that assay interference is likely, then this assessment should be considered. For example, hemolysis may be unacceptable for immunoassays of relatively labile analytes like insulin, glucagon, calcitonin, parathyroid hormone, ACTH, and gastrin due to the release of proteolytic enzymes from erythrocytes that degrade these analytes (10) .
DILUTIONAL LINEARITY AND HOOK EFFECT
Despite advances in ligand binding assay platforms and formats, these assays frequently have relatively limited quantitative ranges (LLOQ to ULOQ), spanning only one to three orders of magnitude. Therefore, in order to analyze samples of high concentration in such assays, significant sample dilution may be required. The examination of supraphysiologically high concentrations of biotherapeutic analyte can help define the region in the dynamic assay range that may be susceptible to false negative results (11) (12) (13) or underrecovery due to hook effect (or prozone). Hook effect can be attributed to a number of factors including high molecular weight species or aggregates associated with high analyte concentrations (14, 15) , saturation of binding capacity of the critical reagents in the assay by an overwhelming amount of analyte, and interference by binding proteins such as ADA, target, or other antigen (12, 13, (16) (17) (18) .
Dilutional linearity experiments are performed to demonstrate that high concentrations of the analyte of interest can be accurately measured by diluting into the assay's quantitative range and multiplying the measured concentration by the dilution factor. Hook effect is typically assessed in the same experiment by including samples spiked with very high concentrations of analyte which are tested without dilution beyond MRD. A prozone, or range in which observed concentrations may not be reflective of actual concentrations, is identified when greater or increasing dilutions result in stagnant or increased signals compared to the preceding lesser dilutions.
When possible, blank matrix used to dilute linearity and hook effect samples should be representative of matrix that will be used for sample dilution in production. The blank matrix sample should be spiked with analyte of interest at or above the maximum anticipated concentration (Cmax) levels expected in study samples. In the absence of information on anticipated Cmax, it is recommended that samples be spiked at the highest feasible concentration of analyte where the sample is composed of least 90% matrix (≤10% stock solution: ≥90% matrix, v/v). The sample with the highest feasible concentration (or Cmax, as applicable) can then be diluted to carefully examine the dilution to signal relationship and analyte recovery throughout the assay range. At least one sample above the ULOQ (hook effect) and 3-5 samples within the quantitative assay range, and one sample below the LLOQ should be examined to fully characterize dilutional linearity. For an excellent graphical representation, see DeSilva et al.
(4).
During validation, dilutional linearity samples with measured concentrations within the quantitative range of the assay should return values that are within ±20% of theoretical. In addition, the precision (%CV) of the cumulative back-calculated concentrations for all in-range samples should be ≤20%. Hook effect samples spiked at concentrations between the maximum anticipated concentration and ULOQ concentrations should measure >ULOQ. If samples spiked within this range recover at values <ULOQ, a hook effect is present and measures should be taken to manage the hook effect. Table I shows an example of a dilutional linearity/hook effect experiment where no hook effect is observed and dilutional linearity is demonstrated within the dynamic assay range.
Managing Hook Effect
Ideally, the presence or absence of hook effect will be tested during method development. When a hook effect is discovered during the development phase, there is an opportunity to re-optimize the assay in order to eliminate the hook effect. This might include further titration of capture and detection antibody concentrations, increasing the MRD to break up binding complexes, and/or optimizing assay buffer ionic strength, surfactant levels, or pH to break up aggregates.
If hook effect is not uncovered until pre-study validation, and assay re-optimization is not an option, then measures will need to be put in place to manage the hook effect during sample analysis. Initially, it is advisable to verify the hook effect in the applicable study population by running a predefined subset of highest anticipated concentration samples from each dose group at multiple dilutions to fully characterize the hook effect in that study population. Should the hook effect be verified in the study population, the implementation of multiple or predefined sample dilutions during study sample testing will likely be required. However, once the pharmacokinetic properties of the therapeutic have been fully characterized and the PK is predictable, it may be possible to define and implement a single predefined dilution in place of the multiple dilution strategy (19) .
Notably, hook effect may not be observed during prestudy validation, but become apparent during in-study sample analysis. The cause of such hook effects may be due to accumulation of drug to higher concentrations than anticipated, an increase in endogenous binding partners after drug treatment, or the generation of ADA. In-study hook effect is typically noted as anomalous PK during scientific review of the data. In these instances, it is important to examine all of the relevant data (ADA status for example) and to design an investigation that characterizes the hook effect. Once Reference standard=500,000 ng/mL ULOQ=10.0 ng/mL Final conc. = observed conc. X dilution characterized, the need to retest additional samples can be assessed, and if deemed necessary, an a priori testing and data reporting scheme should be put in place. In summary, the team recommends that tests for hook effect be performed in development where possible and reassessed during pre-study validation. Even when no hook effect has been observed, careful scientific review of in-study data is required to ensure that no hook effect is present instudy. When hook effect has been identified and well characterized, several approaches for sample testing and data reporting may be valid as long as they adhere to rigorous scientific procedures and are defined prior to sample testing.
Parallelism Evaluation
The concept of parallelism is similar to dilutional linearity except that parallelism assesses incurred study samples. At present, routine parallelism assessments are not being broadly implemented industry-wide. Examples of nonparallelism experienced by the team were rare, involved nonmAb therapeutics, and were apparent during scientific review of the sample data. Therefore, the need to perform a parallelism assessment for a given biotherapeutic depends upon the characteristics of the drug, its binding partners, and assay reagents' specificity. Scientific rationale should drive the decision to perform parallelism for a given therapeutic in a given study and novel non-mAb-based modalities may require closer attention compared to typical mAb-based biologics when determining whether parallelism assessments are advisable. Examples of factors important when evaluating the need for a parallelism investigation include propensity of the drug to aggregate, drug stability in vivo, presence of antidrug antibodies, endogenous binding partners, and assay specificity toward complexes formed. Partial degradation of the compound while in circulation in vivo may result in formation of stable fragments with various degree of specificity toward assay reagents and therefore ability to impact compound PK assay. The presence of binding or neutralizing anti-drug antibodies can impact interaction between the drug and specific assay reagents resulting in a reduced assay signal. Finally, in vivo circulating biotherapeutic may be present in free or bound with the target form (complexed) and binding of these forms to assay reagents may differ.
If a parallelism assessment is deemed necessary, by definition, it cannot be performed until incurred study samples become available (1, 2, 17, 20) . Generally speaking, careful review of study PK data will ensure that instances of in-study hook effect (as discussed above) and the likely presence of non-parallelism are noted and investigated appropriately. An investigation may include, for example, a correlation of PK and ADA data, and review of the assay performance and PK profiles across study subjects and dose levels. Analysis of incurred study samples at multiple dilutions (parallelism test) may then facilitate the understanding of the potential interferences of circulating matrix components and yield important information about biotherapeutic processing in vivo.
Presently, there are differing views on best practices for performing parallelism assessments, when applicable, and no clear consensus has yet emerged. Some advocate the use of pooled samples for practical considerations such as creation of larger sample volumes and avoiding generation of multiple datasets for the same sample. Others advocate the use of individual samples as a means of ensuring that the "correct" concentration is reported for each individual sample. Complexities of execution and subsequent data reporting arise in either scenario. In principle, however, it is agreed that the parallelism assessment is similar to evaluation conducted during dilutional linearity. Incurred samples (pooled or individual) are tested at multiple dilutions that are expected to yield concentrations that fall above the assay ULOQ (to evaluate prozone or hook effect) as well as within the assay range. Since the goals of the parallelism evaluation are to ensure that the study PK data are representing the most accurate information and to understand the potential impact of circulating matrix components, some of which could be accumulating or induced as a result of drug administration, testing samples collected at later study time points should be performed as opposed to samples collected early in the study.
Should non-parallelism be detected, a sample testing scheme will need to be put in place to mitigate the issue and an a priori strategy for data reporting will need to be established. In some cases, simply increasing the dilution at which samples are tested may be adequate to drive dissociation of complexes causing the non-parallelism. In others, an alternative PK assay design that utilizes different critical capture and detection reagents may be required.
It is also important to be aware that even when a parallelism assessment passes proposed acceptance criteria, trends that may have meaningful impact on the study data may still be present. An example is presented in Table II which shows multiple dilution data from samples collected from two animals at different time points after drug injection. Animals 1 and 2 were dosed with two separate drug compounds and samples were analyzed in separate PK assays. For the Animal 1, samples were tested at days 29 and 57, while for Animal 2, samples were tested at days 10 and 14 after drug administration. For all samples tested, the interdilution precision (%CV) is well within the commonly applied ±30% criterion (4) . However, the data suggest a trend of increasing drug recovery with increasing dilution for the samples collected from Animal 1 on days 29 and 57 and Animal 2 on day 14. A scientific judgment should therefore be applied to determine whether an additional investigation is warranted.
In summary, the team does not recommend routine parallelism assessments, but advocates such assessments where supported by scientific rationale. In general, incidents of non-parallelism can be caught by careful review of study data and mitigated through scientifically rigorous investigation and implementation of appropriate sample testing procedures.
ROBUSTNESS AND RUGGEDNESS
Robustness/ruggedness terms are often used interchangeably and there has historically been confusion regarding the absolute definition of each term. What is more important than prescribing definitions, though, is that it is understood that both parameters are indicators of assay reproducibility under varied conditions. Therefore, any robustness/ruggedness analysis should address the question of whether the assay will perform well under real-life changes in standard laboratory situations, with consideration for the specific circumstances anticipated during study support.
Robustness/ruggedness testing should generally be incorporated into the method development process and typically includes, but is not limited to, assessment of the following: variations in incubation times and temperatures, reagent and plate lot changes, multiple analysts, and multiple instruments. In determining the appropriate conditions to test, it is important to be mindful of the needs of the assay and the conditions under which it may be run, such as differences in ambient temperatures in different testing labs and regional differences in serum/plasma sources.
When addressed thoroughly during assay development, robustness/ruggedness is further demonstrated during validation, by virtue of the use of multiple instruments/analysts and typical variations in incubation times. Furthermore, as the development program for the molecule progresses, cross validation of the assay at multiple labs provides additional demonstration of robustness/ruggedness. When robustness/ ruggedness has not been adequately addressed during method development, a formal evaluation during validation may be considered. 
